Abstract-Optomechanical microcavities with high-frequency mechanical resonances facilitate experimental access to mechanical states with low phonon occupation and also hold promise for practical device applications including compact microwave sources. However, the weak radiation pressure force poses practical limits on achievable amplitudes at super high frequencies. Here, we demonstrate a piezoelectric force enhanced microcavity system that simultaneously supports microwave, optical and mechanical resonant modes. The combination of the highly sensitive optical readout and resonantly enhanced strong piezoelectric actuation enables us to build a microwave oscillator with excellent phase noise performance, which pushes the micromechanical signal source into microwave X-band.
I. INTRODUCTION
Cavity optomechanical system, which exploits the enhanced light-matter interactions in optical resonators, is a platform of fundamental importance. Achieving optomechanical resonators vibrating at high frequency regime is important. Higher mechanical frequency translates to higher phonon energy quantum and hence leads to less stringent temperature requirement for reaching mechanical ground state. Highfrequency optomechanical oscillators create opportunities for high-performance microwave sources which are in demand for modern communications, networking and radio-over-fiber applications.
Here we demonstrate a triple-resonance cavity electrooptomechanical system at X-band frequency, in which mechanical and optical modes supported in an AlN microwheel cavity are coupled to a microwave resonance supported in a half-lambda microstrip resonator. Such design combines strong piezoelectric actuation and ultrasensitive displacement readout of an optomechanical cavity which greatly improve the overall electro-optomechanical transduction.
Using this triply-resonant electrooptomechanical system as the frequency selection component, we are able to demonstrate self-sustaining microwave oscillations at 8.256 GHz with phase noise as low as −88 dBc/Hz at 10 kHz offset from the carrier. This highperformance chip-based oscillator is expected to meet the demand for stable high frequency sources in communications and radar system. Moreover, it provides a hybrid informationconversion system between microwave and optical domains, creating the opportunities for building integrated information networks with high complexity and efficiency. The authors are with the Electrical Engineering Department, Yale University, New Haven, CT 06511 USA (e-mail: hong.tang@yale.edu).
II. ELECTRO-OPTOMECHANICAL TRIPLE-RESONANCE COUPLING
A schematic of the triple-resonance system is shown in figure 1(a) . The microwheel structure serves as both the highfinesse optical cavity and the high-Q mechanical resonator, which are coupled to each other through radiation pressure. Meanwhile, the microwheel's mechanical motions are piezoelectrically coupled to the microstrip resonator, whose resonant frequency is carefully designed to match that of the mechanical mode so that the actuation electric field can be resonantly enhanced. The microstrip resonator is fabricated on a separate substrate and is flipped over and aligned to the top of the microwheel. The distance between the two chips are precisely adjusted to be ~50 μm so that the evanescent field of the microstrip resonator reaches the microwheel while the optical absorption due to the metallic part is negligible. Figure  1 (b) illustrates the frequency scales of the three modes used in our triple-resonance system: the optical whispering-gallerymode at around 196 THz, the high frequency mechanical mode at around 8 GHz, and the fundamental mode of the halflambda microstrip resonator with frequency aligned to that of the mechanical mode. An optical micrograph of the microwheel device is shown in figure 1(d). The microwheel resonator is fabricated in 650-nm-thick c-axis-oriented AlN thin films on silicon substrate. The microwheel consists of a ring with inner radius R i = 32.6 μm and outer radius R o = 37.6 μm, and four 0.5-μm-wide spokes which are connected to a central disk anchored to the underlying oxide. The dimensions are carefully chosen so that the clamping loss is minimized and at the same time the bending loss of the optical cavity is low enough to achieve high optical Q-factor. A waveguide wrapping around the microwheel structure is fabricated for efficient coupling to the cavity and a pair of grating couplers is used to couple free-space light into and out of the waveguide. The device is studied using the measurement configuration shown in figure 1(c). A driving signal is sent from the network analyzer to the microstrip resonator to drive the mechanical motion of the wheel resonator, which is then optically transduced via a laser light from a tunable diode laser. The light coming out from the device is amplified by an erbium doped fiber amplifier (EDFA) and detected by a high-speed InGaAs photoreceiver (PR), and the signal is fed back to the network analyzer. For operation of the device in selfoscillation mode a closed-loop configuration is used (dashed line) and −16 dB of the in-loop signal is coupled out for characterization.
III. HALF-LAMBDA MICROSTRIP RESONATORS
In addition to optimization of the readout scheme, improving actuation efficiency of mechanical motion at high frequency is another challenge. Bandwidth of the commonly used techniques such as electrostatic actuation is usually limited by Triply resonant cavity electro-optomechanics at X-band Xu Han, Chi Xiong, Xufeng Zhang, and Hong X. Tang parasitic resistance and capacitance. Actuation using optical force can overcome the bandwidth issue but is relatively weak to drive the stiff high-frequency resonator. To overcome the bandwidth limit and further enhance the actuation force, we utilize the evanescent field of a microwave frequency halflambda microstrip resonator to drive the AlN mechanical resonator piezoelectrically. We design the resonance frequency of the microstrip resonator to match to that of the mechanical resonator so that the actuation electric field can be resonantly enhanced. (Figure 1a) IV. PERFORMANCE CHARACTERIZATION OF AN 8. 25 GHZ MICROWAVE OSCILLATOR With the optimized optical transduction and resonantly enhanced piezoelectric actuation, our triple-resonator gives an unprecedentedly high transduction efficiency and excellent signal-to-noise ratio for super-high-frequency mechanical oscillation. To demonstrate the power of this triple-resonant enhanced transduction, we utilize our system to construct a low-phase noise X-band oscillator.
The open-loop characterization of the mechanical resonances is measured using the configuration in figure 1(c). As shown in figure 4(a), a mechanical resonance at 8.256 GHz with a Q-factor of is obtained. The two minor peaks come from mode splitting due to the presence of the supporting spokes. For high frequency resonance, the Q-factor of the mechanical mode is limited by the fˑQ product. In our case, the X-band mechanical mode has an fˑQ product of 1.15×1013 which is close to the limit of AlN reported. The polar chart around this resonance in figure 4(b) shows the expected circular trajectory.
The closed-loop oscillator is formed by feeding back the transduced signal to the microstrip resonator (shown in figure 1(c) dashed lines). Self-oscillation starts when the RF amplifiers and the EDFA provide sufficient gain to compensate the loop loss. The Barkhausen criterion for phase is fulfilled by adjusting the phase shifter. For a high performance oscillator, the phase noise (directly related to signal-to-noise ratio) is of foremost importance. As we can see in equation (1), the power of RF signal is quadratically dependent on the input optical power, whereas the laser shot noise has a linear dependence on it. Therefore signal to noise ratio can be improved by using high optical power. We amplify the output power of the tunable diode laser by an EDFA to 15 dBm, which is nevertheless still low enough to avoid undesired heating effects. It can be shown that this power is much smaller than the power threshold needed for radiation pressure driven self-oscillation. As a passive device, the microstrip resonator only contributes electrical thermal noise (Johnson noise), which can be shown to be negligible compared to laser shot noise. The signal from the photoreceiver is further amplified by two stages RF amplifiers (low-noise/high-power) to optimize the phase noise performance. After the RF amplifier a small portion (−16 dB) of the in-loop RF signal is coupled out for signal analysis.
The power spectrum in the inset of figure 5 shows the oscillation signal at 8.256 GHz with a microwave carrier power of 6.8 dBm. The phase noise of the oscillator is characterized using a signal analyzer (Agilent E5052B). As shown in figure 5 , the oscillator demonstrates an excellent phase noise of −88 dBc/Hz at 10 kHz offset. At large offset frequency, the phase noise reaches the noise floor of −131 dBc/Hz. A dependence is observed in the range of 10 kHz ~ 1 MHz. In the low offset frequency region (<10 kHz), the phase noise is dominated by flicker noise of the RF amplifiers which appears as the dependence in the spectrum. Although lower phase noise can be achieved in other systems such as tunable YIG sphere oscillators and opto-electronic oscillators (typically -105 dBc/Hz, -140 dBc/Hz at 10 kHz offset from ~10 GHz carrier, respectively), our electro-optomechanical oscillator system is amenable to monolithic integration and is compatible with the planar semiconductor technology. Further reduction of phase noise of the electro-optomechanical oscillator can be achieved by using amplifiers with lower flicker noise and minimizing the optical insertion loss. 
